Arsenic is a toxic metalloid existing widely in the environment, and its removal from contaminated water has become a global challenge. The use of bacteria in this regard finds a promising solution. In the present study, Exiguobacterium sp. As-9, which is an arsenic resistant bacterium, was selected with respect to its arsenic removal efficiency. Quantification of arsenic in the water treated with bacterium showed that Exiguobacterium efficiently removed up to 99% of arsenic in less than 20 h. In order to reveal the possible effect of this bacterium in removal of arsenic from water and protecting fishes from the detrimental effects of arsenic, we initiated a range of studies on fresh water fish, Channa striata. It was observed that the fishes introduced into bacteria treated water displayed no symptoms of arsenic toxicity which was marked by a decreased oxidative damage, whereas the fishes exposed to arsenic revealed a significant (p < 0.05) increase in the oxidative stress together with the elevated levels of malondialdehyde. Determination of the bioaccumulation of arsenic in the liver tissues of C. striata using hydride generation atomic absorption spectrophotometry (HG-AAS) revealed an increased As(III) accumulation in the fishes exposed to arsenic whereas the arsenic level in the control and bacteria treated fishes were found below the detectable limit. In conclusion, this study presents the strategies of bacterial arsenic removal with possible directions for future research.
Introduction
Arsenic (As) is a metalloid and is one of the most hazardous substances released in the environment as a result of both natural and anthropogenic processes [1] . In nature, arsenic exists both in organic and inorganic forms, with the inorganic forms being more toxic occurring predominately in pentavalent arsenate [+5, As(V)] and trivalent arsenite [+3, As(III)] [2] . It has been observed that exposure to high concentrations of arsenic is lethal to most organisms and is associated with the increased risk of carcinogenic effects and other diseases [3] .
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BSM, basal salt medium; CAT, catalase; EDX, energy dispersive X-ray spectroscopy; FTIR, Fourier transform infrared spectrophotometer; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic transaminase; GPx, glutathione peroxidase; HG-AAS, hydride generation atomic absorption spectrophotometer; MDA, malondialdehyde; SEM, scanning electron microscopy; SOD, superoxide dismutase.
* Corresponding author. Fax: +91 7752260146.
E-mail address: dr.renubhatt@yahoo.com (R. Bhatt).
Arsenic induces toxicological effects not only in humans, but also in aquatic life forms. Most studies to understand the toxicity of arsenic compounds were performed in mammalian cells [4, 5] . However, the study of the arsenic toxicity to the aquatic animal species, including fish, is limited. Arsenic has been reported to be immunotoxic and renders the host immunocompromised increasing its susceptibility to pathogen attacks [6] . Studies indicate that arsenic exposure promotes apoptotic and necrotic mediated cell death in fishes in concentration and time dependent manner in different phases of the cell cycle. It also leads to DNA fragmentation, alteration in mitochondrial membrane potential and formation of increased reactive oxygen species (ROS) [7] . Arsenic causes different types of anomalies [8] but liver is one of the target organs of arsenic toxicity. Reports suggest that chronic arsenic exposure causes abnormal liver function, hepatomegaly, liver fibrosis and cirrhosis in different fish species [9] .
The dispersal of arsenic rich wastes generated by human activities leads to the contamination of water, which has increased the threat of chronic arsenic poisoning in aquatic animals [10] . The presence of arsenic in water is particularly dangerous for fish juveniles and may considerably reduce survival and growth of fish populations [11] . It may reduce the size of fish larvae or even cause the extinction of the entire fish population in polluted reservoirs. Fishes indwelling contaminated environments also accumulate high arsenic contents and their consumption may lead to serious health risk to humans, causing cancer and neurological disturbances [12] .
Arsenic contamination of water bodies has raised important questions about the competing health benefits and risks of fish consumption. Many physical and chemical methods are currently available for the removal of arsenic from contaminated water [13, 14] but are not shown to be efficient. Recent investigations on the use of bacteria in mobilizing and removing arsenic from water bodies are gaining momentum [15] . Due to their potential for providing a clean and cost effective technology for arsenic removal, the use of bacteria is creating opportunities for developing systems for the treatment of arsenic contaminated water [16] .
The present work is an attempt to evaluate the As(III) removal efficiency of the arsenic resistant Exiguobacterium and to understand its protective influence upon arsenic induced toxicity in Channa striata by studying different parameters like effect on blood cells, activity of antioxidative enzymes, liver marker enzymes and malondialdehyde level in tissues. The rationale behind selecting this fish was that, it serves as a popular food in India and has long been regarded as a valuable fish because of its considerable economic importance.
Materials and methods

Bacterial strain, culture conditions and arsenic removal
Exiguobacterium sp. As-9, an arsenic resistant bacterium (Gene Bank accession number: KC894600.1) isolated from the arsenic rich soil of Chhattisgarh, India was used in the present study. It is Gram positive, rod-shaped and an obligate aerobe which survived exceptionally high concentrations of As(III) (180 mM) [17] . The bacterium was cultured in Basal Salt Medium (BSM) (components per liter: yeast extract, 1.0 g; (NH 4 ) 2SO 4 , 0.3 g; MgSO 4 ·7H 2 O, 0.14 g; CaCl 2 ·2H 2 O, 0.2 g; NaCl, 0.1 g; H 3 BO 3 , 0.6 mg; glucose, 10.0 g) and incubated at 30 • C for 48 h in a rotary shaker at 120 rpm. Cells were harvested by centrifugation at 5000 rpm for 10 min, washed twice with sterile saline solution (0.85% w/v NaCl) and immobilized in calcium alginate as described by Duarte et al. [18] to obtain a cell density of 109 cfu per cubic cm of suspension. The beads (2-3 mm in diameter) produced were left for 1 h at 22 ± 2 • C for curing and then washed with sterile saline solution. To determine the arsenic removal efficiency of the isolate, approximately 1.0 g of alginate bead was added to 250 ml water having sodium arsenite [(NaAsO 2 ) (100 mg/l), SD Fine Chem. Ltd., Mumbai, India, PubChem CID: 443495]. As(III) concentration was monitored after every two hour interval using Hydride Generation Atomic Absorption Spectrophotometer (HG-AAS) (Shimadzu AA-7000) by the method described by Wang et al. [19] . A simultaneous arsenic removal assay was also carried out in the cell free control [water + As(III)] and in non bacterial alginate beads to monitor any abiotic removal. Percentage As(III) removal was calculated as:
where, C i = initial As(III) concentration and C f = final As(III) concentration.
Scanning electron microscopy
The surface morphology of control alginate beads and those exposed to As(III) were studied with scanning electron microscope (JEOL JSM-6360, Japan) using the method described by Covarrubias et al. [20] . To investigate the diffusion of As(III) ions inside the alginate beads and to understand its effect on bacterium, SEM analysis was also carried out on a cross-sectioned As(III) treated alginate beads. All the samples were mounted on stub, sputtered with gold particle and observed under microscope operated at 20 kV. The elemental content of the samples was analyzed using energy dispersive X-ray spectroscopy (EDX) (INCA 250 EDS) equipped with X-MAX 20 mm Detector.
Fourier transform infrared analysis
The IR spectra of control and As(III) loaded alginate beads were analyzed with FTIR spectrophotometer (Shimadzu IRAffinity-1S, Japan). The samples were dried in room temperature and crushed with potassium bromide in 1:10 proportion. Spectral scanning was done in the range of 4000-400 cm −1 .
Fish collection and acclimatization
C. striata (Class: Actinopterygii; Order: Perciformes; Family: Channidae), a striped snakehead, carnivorous freshwater fish was selected for the study. Fishes of almost the same size (length 17.0 ± 0.5 cm, weight 54.0 ± 0.8 g) were collected from a local fish farm and transported to the laboratory. They were immediately released into plastic tubs containing tap water (temperature, 27.4 ± 0.5 • C; pH, 6.83 ± 0.1; salinity, 0.081 ± 0.002%; dissolved oxygen, 6.52 ± 0.1 mg/l) and acclimated to laboratory conditions for about 6-7 days in a static condition. Fishes were fed twice daily ad libitum and the faecal matter was regularly siphoned off to reduce the ammonia content in water. After acclimatization, the healthy fishes were selected and used for the experiment.
Determination of LC 50 and As(III) treatment
The lethal concentration (LC 50 ) values of As(III) on C. striata were investigated as described by Ahmed et al. [21] . Fishes were randomly selected and exposed to five different concentrations of NaAsO 2 (50, 100, 200, 300 and 500 mg/l) (n = 6 in each experimental group). The control group (n = 6) without As(III) was also maintained simultaneously and each experimental trial was carried out for a period of 96 h. The mortality of the fishes in all the groups was recorded at logarithmic time intervals (6, 12, 24, 48, 72 and 96 h) of exposure to determine the LC 50 value. Percent mortality observed was 0, 20, 50, 75 and 90%, respectively, for 50, 100, 200, 300 and 500 mg/l As(III) concentrations. The 96 h-LC 50 value of As(III) was calculated to be 200 mg/l for C. striata. Based on the LC 50 value, 100 mg/l As(III) concentration was selected for the sub-lethal studies and was further used in the experiment.
The acclimatized fishes were divided into three groups: fishes of the first group were kept in tap water, which served as control (n = 6) while fishes of the second group [test (n = 6)] were exposed to 100 mg/l As(III) in water. The third group [treated (n = 6)] fishes were kept in the treated water [immobilized bacteria was added to the water amended with 100 mg/l As(III); after 24 h, bacteria was removed and same water was used as the treated water for the third group fishes]. At the end of the experiment (after 30 days), fishes were sacrificed and blood was collected by heart puncture. Also, livers were removed for biochemical and histological study. The experiments were performed as per the guidelines of Institutional Animal Ethical Committee (IAEC) of Guru Ghasidas Vishwavidyalaya and precaution was taken to avoid any cruelty.
Morphologic evaluation of blood cells
The effect of arsenic on the morphology of blood cells of C. striata was studied by simple staining procedures. Briefly, a single drop of blood was placed on the surface of a clean and grease free microscopic slide at a distance of 2 cm from one end and carefully extended to form a uniform smear. Once prepared, the smear was air dried and fixed in 95% ethanol for ten minutes. Staining was done with a freshly prepared mixture of Giemsa stain (HiMedia, India) (0.5 ml of commercial liquid stain diluted in 9.5 ml distilled water) for 30 min. The slides were carefully washed with distilled water, air dried and examined under light microscope equipped with a digital camera (Leica DM IL LED).
Measurement of liver antioxidative enzymes, lipid peroxidation and marker (function) enzymes
About 50 mg of liver tissue was homogenized in 2 ml of cold potassium phosphate buffer (50 mM, pH 7.0) containing 1 mM EDTA using chilled mortar and pestle. The homogenate was centrifuged at 15,000 rpm at 4 • C for 15 min and the clear supernatant was used for the enzyme assays. The activities of superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT) were assayed according to the methods of Minami and Yoshikawa [22] , Paglia and Valentine [23] and Cohen et al. [24] , respectively. The concentration of malondialdehyde (MDA) in liver was determined by the method of Bloom and Westerfe [25] . The results were expressed as nmol MDA per mg protein. To analyze hepatic function, alanine aminotransferase (ALT) or glutamic pyruvic transferase (GPT) and aspartate aminotransferase (AST) or glutamic oxaloacetic transaminase (GOT) were measured according to the method of Reitman and Frankel [26] .
Histological study
The liver tissue of the control, test and treated fishes were excised out and fixed in Bouin's solution for 48 h. The tissues were dehydrated through graded alcohol series, cleared in xylene and embedded in paraffin. 5 m thick paraffin sections were cut and stained with haematoxylin-eosin and examined under a light microscope for histological changes.
Arsenic accumulation in liver
The arsenic concentration in the liver of experimental fishes was determined according to the method described by Wang et al. [19] . Briefly, liver tissue (0.5 g) was digested in 5 ml acid mixture (H 2 SO 4 /HNO 3 , 3:1) at 100 • C for 30 min. After 24 h, few drops of 10% KI was added to convert any As(V) to As(III) and the excess iodine was destroyed by adding 1 ml ascorbic acid (5%). The sample was cooled and the arsenic concentration was determined by HG-AAS. The concentration was expressed as g/mg weight of the tissue.
Statistical analysis
Values are given as means ± S.D. for six fishes in each group. Data were analyzed by one-way analysis of variance (ANOVA) using Minitab 17 software. Significance of differences was defined as p < 0.05.
Results and discussion
In the present study, we elucidated the toxicity effects of arsenic on freshwater fish, C. striata. The study shows for the first time a clear effect of applying arsenic resistant bacteria in removing arsenic from water thereby reducing its toxic manifestations in fishes.
Arsenic removal by immobilized bacteria
Immobilization of Exiguobacterium in calcium alginate beads showed efficient removal of As(III) from water in a short period of time (Fig. 1) . The results indicated that the rate of As(III) removal was rapid in the first 4 h then decreased gradually. After 20 h of incubation, approximately 99% of As(III) was removed from the water. Therefore, incubation time of 20-24 h was used as the optimum time for As(III) removal for the rest of the experiments. Further, the experiments involving non bacterial beads showed no significant change in the arsenic concentration over the duration of incubation.
Calcium alginate beads are one of the most commonly used supports for the immobilization of cells. The alginate bead is internally composed of many cavities which are formed after cross-linking and surface polymerization [27] . These cavities are located in every part of the bead where the bacteria reside and multiply after immobilization. This happens because the size of the pores on the surface is smaller than most bacteria which act as a physical barrier and keep them trapped inside the bead. But the pores are large enough to allow the diffusion of small molecules inside the cavity [20] . This facilitates easy diffusion of As(III) in the alginate beads which is further taken by the immobilized bacterium. It is also previously reported that alginate beads could act as a low cost carriers for the binding of other molecules (e.g. ferric hydroxide) for the efficient removal of arsenic [28] .
As(III) removal has also been reported previously [29] but our study illustrates appreciable removal of As(III) in a short period of time. Arsenic removal and accumulation is a unique property of bacteria which is widely distributed in the environment [30, 31] and could be conveniently used for the removal of this toxic metalloid from the contaminated ecosystems.
Scanning electron microscopy
SEM was employed to determine the surface morphology of alginate beads before and after exposure to As(III). The control beads appeared normal and revealed a more compact structure while a visible change in the surface morphology was observed after interaction with As(III) (Fig. 2a and d) . Smoothness of the beads decreased significantly and the beads appeared rougher with the uptake of As(III) when compared to control. Further, dissolution of the compact structure was observed due to As(III) exposure causing a more surface disturbance. This change in structure might be attributed to the cross-linking of some As(III) ions with alginate thereby altering surface properties of the beads [32] .
To understand the effect of As(III) upon bacteria, the control and As(III) loaded alginate beads were sliced and observed under microscope. When sliced open, the control alginate beads revealed a homogeneous distribution of Exiguobacterium covering the interior surface of beads (>80% of the surface) (Fig. 2b) while the bacterium tends to get aggregated (Fig 2e) when exposed to As(III). This depicts the mode of response of bacterial cells to As(III) stress, which could be attributed as a positive attitude to uptake arsenic from its surrounding.
The EDX spectrum of the cross sectioned beads [control and As(III) loaded] is shown in Fig. 2c and f. A clear appearance of As peak in the spectrum confirmed the uptake of As(III) by immobilized Exiguobacterium.
Fourier transform infrared analysis
The IR spectra of control and arsenic loaded immobilized Exiguobacterium in calcium alginate beads are shown in Fig. 3 . For alginate, a broad absorption peak around 3200-3600 cm −1 indicates the vibrational bands of OH and confirms the presence of hydroxyl group [33] . The FTIR spectra also shows the characteristic peak of alginate at 1575 and 1419 cm −1 which corresponds to the COO asymmetric and symmetric stretching [34, 35] . Further, a shift in the peaks to 1539 and 1415 cm −1 was observed in the As(III) loaded beads which indicate the participation of carboxyl group with arsenic [36, 37] . The FTIR spectra also revealed that the percent transmittance of peak at 2914 cm −1 corresponding to C H bands decreased in As(III) loaded alginate beads as compared to control. Another important observation from the FTIR analysis was the appearance of sharp peak at about 650 cm −1 in As(III) loaded beads which is the characteristic of As O stretch vibration [34, 36] . IR spectra of control beads showed the characteristic bands of C C , C O and C C stretching at 2260-2100, 1760-1665 and 1680-1640 cm −1 , respectively, while the spectra obtained from As(III) loaded beads also indicated the presence of characteristic bands at almost the same wave number with lower intensities.
Effect of As(III) on fishes
Various physical and behavioral anomalies were observed in the fishes of test group within a few days of As(III) exposure. The fishes became lethargic, tended to settle at the bottom with their mouth wide open. The falling of fins and scales were observed at a later stage of exposure with a significant decrease in locomoter activity. The test fishes also appeared to become slimy due to the secretion of excessive mucus. Similar effects of arsenic were observed by Ahmed et al. [21] in freshwater fish, tilapia. These findings suggest that the alteration in the behavioral parameters such as anxiety and locomotion might be due to the neurotoxic effects induced by arsenic [8] . Further, the present study also demonstrated that the control and the fishes of the treated groups remained normal and active throughout the experimental period. 
Morphologic evaluation of blood cells
Arsenic exerts various toxicological effects on the hematological parameters of fishes [38, 39] . In the present study, the effect of As(III) on the morphology of blood cells of fresh water fish C. striata was evaluated. Results revealed that the blood cells of the control fishes were normal and appeared ellipsoidal in shape. The cell wall was intact and the nuclei stained dark purple in color. In contrast, the blood cells of the fishes exposed to As(III) lost their normal shapes and became more irregular.The other visible effects of As(III) was the lysis of red blood cells with the disintegration of the cell membrane and clumping of the nuclear material. As(III) exposure also resulted in the fragmentation of some red blood cells. Long term exposure (30 days) of As(III) also resulted in the appearance of stacked cells with nuclei losing some amount of central dye showing a sign of karyolysis. The stacked cells lost their original shape and acquired different shapes with the obvious disintegration of the cell membrane. Examination of blood cells of the treated fishes displayed normal morphology with no symptoms of toxicity which is consistent with the observations of the control group. This is in agreement with the hypothesis that Exiguobacterium facilitated complete removal of As(III) from the water, thereby reducing the toxic manifestations of As(III) in fishes (Fig. 4) .
Measurement of liver antioxidative enzymes, lipid peroxidation and marker (function) enzymes
Arsenic exerts its toxicity by generating ROS such as superoxide, hydroxyl and peroxyl radicals and induces oxidative damage in different biomacromolecules that can lead to a critical failure of biological functions and ultimately cell death [40] . The enzymatic antioxidants such as superoxide dismutase, catalase and glutathione peroxidase play a vital role in the process of scavenging ROS to maintain a physiological balance in the cell [41] . In the present study, the effect of As(III) on hepatic antioxidative enzymes (SOD, CAT, GPx) of fish was investigated. Results revealed a significant (p < 0.05) decrease in the activities of SOD (30.5%) and GPx (88.91%) while increased CAT activity (94.44%) was observed in the fishes exposed to As(III) when compared to control. SOD and CAT activities are treated as important and reliable biomarkers for oxidative stress. SOD constitutes the first line of defense by dismutating the superoxide radical, a major ROS and produces hydrogen peroxide (H 2 O 2 ) as an end product. The H 2 O 2 is another ROS, which is further removed by the action of CAT. As SOD activity was decreased with As(III) treatment, it might be due to high concentration of H 2 O 2 produced via an unknown pathway affecting SOD induction. Similar conclusions on SOD activities getting impaired at high arsenic concentration had also been reported previously by Altikat et al. [42] . The activity of SOD leads to the accumulation of H 2 O 2 which increased the production of CAT to balance its level. GPx reduces lipid hydroperoxides into lipid alcohols and glutathione (GSH) serves as a substrate for GPx. In this study, the decreased GPx activities in liver might be due to the decrease in the levels of GSH or due to the interaction of trivalent arsenic with critical thiol groups in GPx molecules [43] . Moreover, the activities of these enzymes were found close to the control in the fishes of the treated group and displayed no symptoms of arsenic toxicity (Fig. 5a-c) . In addition, the results provide evidence that monitoring the level of enzymes of the oxidative stress could be sensitive indicators of aquatic pollution [44] .
Increased level of ROS is also responsible for lipid peroxidation and increased concentration of MDA, a cytotoxic product of lipid peroxidation which is used as an indicator of membrane damage.
Evaluation of the MDA content demonstrated a positive correlation between arsenic treatment and lipid peroxidation in liver of test fishes. Results revealed that As(III) treatment increased lipid peroxidation ( Fig. 5d) with the MDA levels elevated by 1.4 fold in test fishes when compared to the control and treated groups. The increase in MDA content and the decrease in enzymatic activities in the liver confirmed that the fishes suffered oxidative damage upon exposure to inorganic arsenic. These results are in line with the findings of Altikat et al. [42] who reported considerable inhibition of antioxidative enzymes and increased MDA levels in liver of mirror carp in response to the arsenic toxicity. GOT and GPT are two of the several enzymes that are measured to evaluate the liver function. In the present study, higher activities of AST and ALT have been found in response to arsenic induced oxidative stress. Results showed that the activities of GOT and GPT increased by 75.01 and 66.67%, respectively, in liver in response to arsenic in the test group fishes indicating serious hepatic damage and distress condition ( Fig. 5e and f) . Similar results were obtained by Vutukuru et al. [45] in Indian major carp, Labeo rohita. Further, treatment with Exiguobacterium alleviated the activity of both the enzymes in the treated group and the values were comparable to control.
Histological study
The detoxification of toxic substances takes place in liver and the histopathological results indicated that liver tissue was severely affected by As(III). In the control and treated group, no histopathologic lesions were observed when compared to the fishes exposed to As(III) which showed dystrophy in the form of hepatic necrosis. The histological changes in liver tissues of control, test and treated fishes are shown in Fig. 6 . During the present investigation, intense degenerative changes in the liver of test group fishes were observed marked with irregular shaped hepatocytes, prominent cytoplasmic vacuolization and condensation of the nuclei (Fig. 6b) . The most conspicuous changes with karyohexis and karyolysis were also observed in As(III) exposed fishes. Similar toxicity effects were noticed in freshwater fish, tilapia [21] and gibel carp Carassius auratus gibelio [46] when exposed to arsenic. The present study also revealed that the hepatocytes and other cells of the liver in control and bacteria treated groups were normal and systematically arranged with a centrally placed nucleus (Fig. 6a and c) indicating the effectiveness of Exiguobacterium in removing As(III) from water thereby reducing arsenic toxicity in fishes.
Arsenic accumulation in liver
Fishes execute detoxification mechanism, which operates principally in liver [47] and therefore possesses the chance of accumulating high arsenic concentrations. Previous studies proved that arsenic exposure causes adverse effects in aquatic biota due to the bioaccumulation of metalloid in tissues [48] . In the present study, As(III) accumulation in the liver tissues of C. striata was analyzed by HG-AAS. Significant (p < 0.05) accumulation was observed in the liver tissues of the fishes exposed to As(III) with the concentration of 6.21 ± 0.4 g/mg biomass (Table 1) . Similar results were obtained by Allen et al. [49] in Channa punctatus after exposure to inorganic arsenic. Such an increase in arsenic level in the tissues might be attributed to the availability of dissolved As(III) which contributed strongly to the metalloid bioaccumulation. However, results also indicated that the accumulation of As(III) in the liver tissues of the fishes of treated group was effectively reduced by the treatment of arsenic resistant bacteria which was below the detectable limit and comparable to control.
Conclusions
Aquatic organisms accumulate, retain, and transform arsenic species inside their bodies when exposed to it. Therefore, not only contaminated water, but also fishes and other aquatic foods containing arsenic may be potential sources of human health risks. The present study demonstrated the arsenic uptake capacity of arsenic resistant Exiguobacterium which may prove to be a promising candidate towards arsenic removal from the contaminated water. The study also revealed that the bacteria treated water helped the fishes to grow and survive in a normal way with no symptoms of toxicity while long term intake of arsenic altered the hematological and biochemical parameters and caused oxidative damage in C. striata. These results suggest that the present study might be useful in environmental biomonitoring of arsenic contamination and could serve as a model for the removal of toxicants from the contaminated ecosystems. 
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